An active anode material for Li-ion batteries was synthesized using a simple mechanochemical process to minimize the large change in Si volume observed during charge-discharge operation and to compensate for the associated irreversible loss of Li or irreversible capacity loss, which are obstacles to achieve high-performance electrochemical properties during charge-discharge. The composite was mechanochemically milled with Si, lithium oxide, and copper oxide as raw materials; the composite contains Si nanoparticles, amorphous silicon monoxide, and Si-Li or Si-Cu alloy compounds, and it exhibits improved electrochemical properties. In particular, this composite achieved a better capacity retention, higher coulombic efficiency (over 100%), and longer cycling performance than Si alone, indicating considerable optimization of the electrical and ionic conductivity in the composite. The developed method allowed for control of the Li content to compensate for the lack of Li ions in the composite, and the cycling performance was optimized using the Cu alloy, oxide, and Li compounds within the composite.
Introduction
Si-based Li-ion batteries (LIBs) have great potential because of the high capacity of the Si-based anodes relative to that of graphite anodes [1] . However, a major obstacle to achieve a satisfactory reversible capacity in practical use is the large change in the Si volume observed during charge-discharge operations [2] [3] [4] [5] [6] and the irreversible formation of Li components. Many researchers have attempted to overcome these problems using nanostructures [4] [7] - [14] or other approaches, such as partial oxidization [7] [15] [16] , composite formation with other materials [7] [9] [11] [17] [18] [19] [20] , liquid-phase synthesis, and various battery production methods. Improvements in the stability of the prepared Si anodes have been observed from these attempts, leading to an improvement in LIB performance. We consider that further significant improvements may be obtained from synergistic effects when two or more approaches are simultaneously introduced in a simple operation. Accordingly, we reported the optimization of the cycling properties of an active Si anode by employing a composite of Si with CuO that was formed by a simple ball milling process with a planetary ball mill machine [21] . Here, we propose a mechanochemical approach that involves ball milling with Si, Li 2 O, and CuO, and we describe the mechanism by which the obtained composite achieves a high charge-discharge performance. We successfully synthesized composites using homogeneous, nanoscale Si grains in a matrix of partially oxidized ground Si (SiO) as an active material. An LIB using the prepared composite showed a high initial coulombic efficiency (ratio between the reversible discharge capacity and the charge capacity) with good charge-discharge characteristics and an optimized cycling performance of over 3000 mAh/g after 800 cycles ( Figure 1 ). The prepared composite of Si, Li 2 O, and CuO shows improved electrical and ionic conductivities in the LIB system and is resistant to crystal collapse because of the expansion and contraction of Si in the composite. There are many reports of attempts to optimize both the electrical and ionic conductivities [22] [23] [24] [25] [26] ; however, there are no previous attempts to synthesis active materials that include Li atoms to maintain the high performance of an LIB that lacks Li atoms for charge-discharge characteristics. We propose the synthesis of a composite with active Li compounds to compensate for the lack of Li ions in the anode of an LIB system along with Li-Si or other metal-Si alloys to optimize the electrical and ionic conductivities using a simple mechanochemical process.
Experimental

Composite of Si, Li2O, and CuO Particles
A mixture of Si, Li 2 O, and CuO particles (i.e. Si + Li 2 O + CuO = 2.0 g) with average particle diameters of 4 μm (Kojundo Chemistry Laboratory Co., Ltd., Japan) was placed in a zirconia mill pot (45 cm 3 
Preparation of the Composite Electrodes
The Si composite electrodes were prepared as follows. The prepared composite was mixed with a binder composed of polyamic acid (Ube-kousan KK Company, Japan) and acetylene black (AB; Denkikagaku, Japan) as a conductive ma- with Si, as shown in Figure 1 (b). However, the Si/Li and Si/Cu compounds synthesized using the ball milling process with this mixture increase the electrical and ionic conductivities in the prepared composite, thereby helping to maintain a high capacity over 100 charge-discharge cycles.
Results and Discussion
Electrochemical Properties of the Prepared Composite
Mechanochemical Composition
Mechanochemical processes have been widely studied [27] [28] [29] . One line of research has focused on mechanochemical reduction by employing one element and one compound [30] [31], such as the reduction of CuO by co-grinding with Al, Mg, or Si to form Cu powders [32] . However, the products obtained using equimolar CuO and Si fail to achieve high LIB performances because a Si oxide, probably SiO 2 , synthesized by the mechanochemical process leads to excessive oxide atoms in Si, and the composite does not function as an active material. In contrast, at a molar ratio of 10:0.75, Si was partially oxidized by the oxide atoms in CuO, producing a composite with an excellent LIB performance. In this case, the chemical reaction between Si and CuO is given by Equation (1). Thus, we attempted to establish a new anode composite to exploit the anticipated mechanochemical reaction between Si and CuO upon ball milling.
Furthermore, the mechanochemical reaction between Si and Li 2 O when mixed at a molar ratio of 10:0.25 (Si:O) is expected to produce a composite by a non-equilibrium active reaction. Li has a lower electronegativity than Si or Cu formed by a mechanochemical process [32] , does not react to reduce oxide atoms, and is not mechanochemically synthesized. with Si [27] . According to the X-ray diffraction (XRD; Rigaku Co. Ltd., Japan) pattern in Figure 2 (2) indicates the electrical and ionic conductivities of a Li ion passing into a particle and is modelled as a parallel circuit of capacitance and resistance. The shaded area of the chart in (b) with a high resistance (<300 Ω) indicates the impedance component passing through the border of a particle or from one particle to another. 
Electrochemical Mechanism of the Composite
We observed punctate materials in the composite, leading us to surmise that the composite is a mixture of compounds of Si, Li 2 O, and CuO. The atomic distributions of Si and Cu were determined using energy dispersive X-ray spectroscopy (EDX; Hitachi High-Technologies Corporation, Japan), and the reference Si atoms and Li atoms were detected using electron energy loss spectroscopy (EELS; Hitachi High-Technologies Corporation, Japan), as shown in Figure 5 .
Each distribution was measured before the initial charge and after 800 cycles.
The EDX and EELS results show that the composite contained Si, Li, and Cu grains before the initial charge from the mechanochemical process. Si, Li, and
Cu were homogeneously dispersed in the composite before the initial charge; after 800 cycles, Li atoms were practically non-existent in the composite. Li atoms in the composite could be used to discharge the capacity of the anode during charge-discharge operation to maintain a high capacity. In that case, an irreversible Li-Si alloy was synthesized during the charge-discharge process, and the synthesized Li atoms in the composite were made available to compensate for the capacity attenuation over many cycles. Moreover, a major obstacle to achieving a satisfactory reversible capacity in practical use lies in the large change in the Si volume observed during charge-discharge operation. The shape We postulate that a composite material consisting of a poly-Si, Si oxide, Si-Cu alloy, Si-Li alloy, and Li-silicate oxide in a composite particle will likely Figure 6 . 
Summary and Outlook
We produced a model for the high electrochemical performance of LIBs em- Thus, we synthesized an active composite material to serve as an anode in an LIB using a simple mechanochemical process. Successful material preparation for a Si anode was performed with a smaller addition of CuO as a nonstoichiometric case, expanding our understanding toward mechanochemical processes. While optimizing our treating conditions for preparing the Si composite, we considered the different applications of nonstoichiometric reactions to other similar issues.
